An extremely thermostable xylanase gene, xynB, from the hyperthermophilic bacterium Thermotoga maritima MSB8 was successful expressed in Kluyveromyces lactis. The response surface methodology (RSM) was also applied to optimize the medium components for the production of XynB secreted by the recombinant K. lactis. The secretion level (102 mg/l) and enzyme activity (49 U/ml) of XynB in the optimized medium (yeast extract, lactose, and urea; YLU) were much higher than those (56 mg/l, 16 U/ml) in the original medium (yeast extract, lactose, and peptone; YLP). The secretory efficiency of mature XynB was also improved when using the YLU medium. When the mRNA levels of 13 characterized secretion-related genes in the K. lactis cultured in YLP and YLU were detected using a semiquantitative RT-PCR method, the unfolded protein response (UPR)-related genes, including ero1, hac1, and kar2, were found to be up-regulated in the K. lactis cultured in YLU. Therefore, the nutrient ingredients, especially the nitrogen source, were shown to have a significant influence on the XynB secretory efficiency of the host K. lactis.
Over the past decade, more than 40 heterologous proteins with different origins have been efficiently produced by Kluyveromyces lactis [18] . As a yeast host, K. lactis has several advantages: enzymes from K. lactis have a GRAS (generally regarded as safe) status that permits their use in food and feed applications, K. lactis can readily grow to a high density on inexpensive lactose-based media, and K. lactis does not require the explosion-proof fermentation equipment needed for the large-scale growth of methylotrophic yeasts. In addition, the easy genetic manipulation of K. lactis and the availability of its fully sequenced genome [5] have stimulated its use in research on secretion and glycosylation pathways [18] ; the heterologous proteins expressed by K. lactis are often targeted by its secretory pathways for secretion into the culture media, thereby simplifying the downstream purification process; and K. lactis exhibits a relatively higher secretion efficiency than the conventional yeast Saccharomyces cerevisiae [18] . Consequently, many efforts have been made to elevate the protein production and secretion level of K. lactis [14] at various major points, including protein synthesis, folding, modification, intracellular trafficking, and exocytosis. Although most of these approaches have been successful in producing higher levels of particular proteins, the results nonetheless tend to be protein-specific [7] . Thus, identifying the key factors affecting the secretory capacity of K. lactis could provide additional targets for secretion pathway optimization.
β-1-4-Endoxylanases hydrolyze the β-1-4-glycosidic linkages of the xylan backbone to produce short-chain xylooligosaccharides of varying lengths, making them the key enzymes for the complete degradation of xylan [8] . Thus, the application of xylanases in biotechnological processes has received increased attention over the last few decades in the food and feed industries, and particularly the pulp and paper industry. As the pretreatment of pulp with xylanase optimally requires a high temperature and alkaline pH, this requires xylanases that are active and stable under these conditions [2] . A highly thermostable endoxylanase, XynB, which remains stable between pH 5.0 and 11.4, and at temperatures up to 100 o C within a pH range of 7.0 to 8.5, has already been identified from the hyperthermophilic bacterium Thermotoga maritima MSB8 [23] . However, although the xynB gene has been *Corresponding author Phone: +86-10-62733751; Fax: +86-10-62732012; E-mail: yingli528@vip.sina.com cloned and expressed in Escherichia coli [26] and Pichia pastoris [24] , the secretion target yield was very limited. In other studies, a family11 xynA structural gene from the extremely thermophilic anaerobe Dictyoglomus thermophilum Rt46B.1 [20] , a Thermotoga maritima FjSS3b.1 xynA gene [21] , and a putative xyn11A gene from Bacillus halodurans [22] have also been successfully expressed and secreted in K. lactis. However, the family10 xynB gene has not yet been expressed in K. lactis. Furthermore, XynB is thermostable and can be successfully expressed and secreted in various eukaryotic hosts, such as the yeasts Pichia pastoris [24] and Hansenula polymorpha (unpublished work), and the filamentous fungus Aspergillus niger [25] . Therefore, its characteristics make Thermotoga maritima XynB a good model system for exploring the secretory mechanism of eukaryotic heterologous protein expression platforms.
Accordingly, this study examined the heterologous expression and secretion of recombinant XynB of T. maritima in K. lactis. The medium components of the K. lactis system were also optimized for high-level laboratoryscale xylanase expression using the response surface methodology (RSM), an efficient statistical method. The secretory efficiencies of XynB by K. lactis cultivated in the initial medium and optimized medium were then compared, which also revealed the influence of the nutrient ingredients on the transcription levels of certain secretion-related genes in K. lactis.
MATERIALS AND METHODS

Strains and Media
Escherichia coli (E. coli) DH5α was used for the storage and propagation of the plasmids. K. lactis strain GG799, included in the K. lactis Protein Expression Kit (New England Biolabs, USA), was used as the host for the expression of the Thermotoga maritima xylanase B (mxynB ( 6 4 ) ) gene (AY340789). An LB medium was used for the storage and culture of E. coli, whereas YPD (1% yeast extract, 2% peptone, 2% glucose), YPL (1% yeast extract, 2% peptone, 2% lactose; as recommended by the Instruction Manual of the K. lactis Protein Expression Kit), YLP (1% yeast extract, 2% lactose, 1.5% peptone; optimized medium based on orthogonal test), and YLU (1.2% yeast extract, 2.6% lactose, 0.5% urea; optimized medium based on RSM) were used to culture the yeast K. lactis. A YCB medium (New England Biolabs) with 5 mM acetamide was used when selecting the recombinant K. lactis.
Construction of xynB Expression Vector and Recombinant Yeast
The mxynB ( 6 4 ) gene was cloned previously in our laboratory [24] . It was cloned into the pKLAC1 vector (New England Biolabs) according to the manufacturer's instructions. The expression vector pKLAC1-mxynB ( 6 4 ) was linearized by SacII digestion before transformation, and the integrative transformation of K. lactis GG799 was performed by electroporation, as described by W'esolowski-Louvel et al. [19] . The positive transformant colonies were then selected based on growth on YCB agar plates with 5 mM acetamide for 5 days at 30 o C, and confirmed by a whole-cell PCR, as directed by the instruction manual.
Expression of Recombinant XynB and Determination of Xylanase Activity
The integrative transformants of xynB were isolated and precultured in a YPD medium, while shaken (200 rpm) at 30 o C, until reaching an OD 6 0 0 of 6~8. Thereafter, 2.5 ml of this seed culture was inoculated into a flask containing 50 ml of YPL, YLP, or YLU and shaken (200 rpm) for 4 days at 30 o C. The biomass was determined by measuring the optical density (OD) with a spectrophotometer (Lambda Bio35, Perkin Elmer) using an absorbance of 600 nm. One OD unit corresponded to a dry weight (DW) of 0.385 mg/ml. A crude extract of the secreted enzyme was obtained by centrifugation of the fermentation broth at 16,000 ×g for 1 min. The xylanase activity was then assayed quantitatively using 1.15% RBB-xylan (Remazol Brilliant Blue-xylan; Sigma) as the substrate [24] . The standard assay mixtures (100 µl) consisted of 50 µl of 1.15% RBBxylan, 25 µl of a 200 mM MES buffer, pH 6.5, and 25 µl of the enzyme solution. After incubation for 10 min at 70 o C, the reaction was stopped by the addition of 200 µl of 100% ethanol, which precipitated the residual substrate, and the mixture was kept at room temperature for at least 15 min. The mixture was then centrifuged at 16,000 ×g for 5 min and the absorbance of the supernatant measured at 595 nm against the respective substrate blank. One unit of xylanase activity was defined as the amount of enzyme that liberated the Remazol Brilliant Blue dye from the substrate, causing a 1 OD increase in the reaction mixture per minute under the assay conditions described above [25, 26] .
SDS-PAGE and Zymogram Analysis
The SDS-PAGE was performed according to the method of Laemmli [9] using 12% gels. After electrophoresis, the gels were stained with Coomassie brilliant blue R-250, and the zymogram analysis was performed as described by Nakamura et al. [12] , with a slight modification. The samples were electrophoresed on a 12% SDS polyacrylamide gel containing 0.1% birchwood xylan (Sigma). The gel was then washed four times for 15 min at 4 o C in a 50 mM MES buffer (pH 6.5) [the first two washes contained 25% (v/v) isopropanol] to remove the SDS and renature proteins in the gel, and further incubated in the buffer for 10 min at 70 o C. Thereafter, the gel was soaked in a 0.1% Congo red solution for 15 min at room temperature and washed with 1 M NaCl until the excess dye was removed from the active band. The gel was then incubated in 0.5% acetic acid, which turned the background dark blue and revealed clear zones in areas exposed to xylanase activity.
Optimization of Culture Medium Through Response Surface Methodology
The RSM was applied to optimize the medium components for XynB secretion. A central composite design (CCD) was processed to obtain a quadratic model, with xylanase activity as the response.
The natural values and coded levels for the variables investigated are shown in Table 1 . The variables were coded according to the following equation:
where X The response variable was fitted using a second-order model in order to correlate the response variable to the independent variables. The general form of the second-degree polynomial equation was as follows:
where Y is the measured response, β is the interactive coefficient. The experimental design is shown in Table 2 . Statistical significance was determined by the F-value and P-value. An analysis of variance (ANOVA) was performed using SPSS (Statistical Program for Social Sciences), and the polynomial regression of the experimental data was performed using MATLAB7.1 (Mathworks Inc., MA, USA).
Preparation of Secreted and Intracellular Proteins of Recombinant K. lactis
For the cell fractionation, 1 ml of the K. lactis culture was harvested by centrifugation (16, 
Western Blotting and Protein Quantification
The quantification of the secreted and intracellular XynB levels of the recombinant K. lactis was performed as described previously [7] , with a slight modification. The cell-free supernatant or cell lysate was electrophoresed by 12% SDS-PAGE, and the proteins were then transferred onto a polyvinylidene difluoride membrane (Millipore) and probed with anti-XynB antibodies raised in rabbits (Beijing Protein Institute, China), followed by a horseradish peroxidaseconjugated anti-rabbit antibody (Sigma). The immunodetection was performed with an enhanced chemiluminescence kit (Tiangen Biotech Co., Ltd., Beijing, China) according to the manufacturer's instructions. For a quantitative comparison of the relative XynB concentrations, the average band intensities on developed film were quantified using the Bio-Rad Quantity One program. The slopes of the plotted lines for the intensity versus the exposure time were then used to compare the relative XynB levels. A known concentration of purified XynB was used to obtain the absolute XynB level for each sample. The experiments were all performed in triplicate.
Semiquantitative Reverse Transcriptase Polymerase Chain Reaction (RT-PCR)
A semiquantitative RT-PCR was performed to evaluate the differences in the mRNA levels of the genes included in the protein secretion process of K. lactis cultured in YLP versus YLU media. The total RNA extraction was performed using a TRIzol Reagent (Invitrogen), as described previously [3] , and quantified by spectrophotometry at 260 nm. Any contaminating genomic DNA was removed using RNase-free DNase I (TaKaRa). The first-strand cDNA was then synthesized by reverse transcription (RT reaction) in a final volume of 25 µl with 2 µg of total RNA, 1 µl of oligodT primer, 0.5 mM of dNTPs, and 200 U of M-MLV reverse transcriptase H minus (Promega). The reaction mixture was incubated for 60 min at 42 o C and then used directly as the template. The PCR amplification was carried out for 5 min at 95 Table 3 . Equal volumes of the PCR amplification products were loaded on a 1% agarose gel. The gels were then stained with ethidium bromide (10 µg/ml) and photographed on top of a 280 nm UV light box. The bands that did not have an oversaturated intensity were then analyzed using the Bio-Rad Quantity One program. To normalize the sample-to-sample variation in the RT and PCR efficiency, relative values were obtained by comparing the intensities of the detected gene bands versus the 
RESULTS
Construction of Recombinant K. lactis pKLAC1-mxynB (64) K. lactis GG799 was transformed with pKLAC1-mxynB (64) . After 5 days of growth on the selection medium, four individual transformant clones were confirmed by a PCR and then cultured in a liquid YPL medium. When using RBB-xylan as the substrate, xylanase activity was detected in the supernatant of all the confirmed transformants, but not in the GG799 control. The transformant with the highest activity, named GKX31, was then selected for the subsequent experiments.
Expression and Secretion of Xylanase from Recombinant K. lactis The xynB gene is controlled by the LAC4 promoter, which is inducible by lactose. The xylanase activity of the culture Table 3 . Genes and primers used in semiquantitative RT-PCR.
supernatant of recombinant K. lactis GKX31 reached 16.3 U/ml after 96 h of culture in a shaking flask when using YPL as the fermentation medium. The supernatant of the fermentation broth after 96 h was also treated at 80 o C for 30 min. The supernatants of both the fermentation broth and the heat-treated broth were then loaded onto an SDS-PAGE gel, and after electrophoresis, a band of 40 kDa was observed for the GKX31 transformant and its heat-treated broth, but not for GG799 (Fig. 1A, arrow) . To confirm the xylanase activity of the 40 kDa protein, a zymogram analysis was performed, where clear zones in the dark background indicated exposure to xylanase activity (Fig. 1B) . Xylanase activity was retained even when the fermentation broth was heated at 80 o C.
Optimization of Fermentation Medium Using Response Surface Methodology
In preliminary experiments, an orthogonal experiment was employed to optimize the YPL medium, as recommended by the kit instruction manual. However, the optimized YLP medium only had a minimal effect on increasing the XynB production by K. lactis GKX31 (data not shown). Therefore, the effects of different nitrogen sources on the XynB production by K. lactis GKX31 were investigated in media with 2% lactose and 1% yeast extract. Based on the results, as presented in Fig. 2 , urea was selected instead of the original peptone as the nitrogen source in YLP. The concentrations of the yeast extract (x 1 =12 g/l), lactose (x 2 = 30 g/l), and urea (x 3 =4 g/l) were then chosen as the central point of the CCD. Twenty sets of tests were performed: 2 3 full factorial, six star points, and six central points; the results are shown in Table 2 . A full quadratic model was obtained from a regression analysis of the data from the CCD experiment:
where Y is the predicted response, the XynB activity (U/ml) in the supernatant of the fermentation broth, and X 1 , X 2 , and X 3 are the coded values for the yeast extract, lactose, and urea concentrations, respectively. The results of the analysis of variance (ANOVA) for the quadratic regression model are shown in Table 4 . The regression model was highly significant, as evident from the calculated F-value (22.82) and very low probability value (P<0.0001). In addition, the value of the multiple correlation coefficient R (0.9765) was close to 1, indicating a high degree of correlation between the observed and predicted values, whereas the value of the determination coefficient R 2 (0.9532) indicated that 95.32% of the variability in the response could be explained by the model. Furthermore, the model showed a statistically insignificant lack of fit, as evident from the lower calculated F-value (3.56) than the tabulated F-value (F 0.05(5,5) =5.05), even at a 0.05 level. Thus, the model was found to be adequate for prediction within the range of the variables employed.
The significance of the regression coefficients was evaluated by a t-test (Table 5) , and the results showed that all the quadratic terms, linear coefficients of the three factors, and interaction between X 1 (yeast extract) and X 2 (lactose) had a significant effect on the xylanase activity. In addition, a 2D contour plot (Fig. 3) provided a visual interpretation of the interaction between the yeast extract and lactose concentrations, where the shape of the contour plot indicated a positive interaction between these variables: the xylanase activity increased with a simultaneous increase of both factors.
The optimal values for each independent variable in the coded form were X 1 =0.1, X 2 =-0.41, and X 3 =0.55, whereas the actual values were 12.4 g/l yeast extract, 25.9 g/l lactose, and 5.1 g/l urea. The model predicted that the recombinant xylanase activity would reach 42.3 U/ml when using YLU, the optimized medium, and this optimized value was validated in triplicate shaking-flask experiments, where the mean value of xylanase activity was 49 U/ml, which was reasonably close to the predicted value. Thus, the model was shown to be adequate.
Optimized Medium Increased XynB Secretion Efficiency of K. lactis K. lactis GKX31 from the same seed culture was inoculated into YLU and YLP media. XynB expression was then induced using both media for 96 h, until the extracellular enzyme activity stopped increasing. The biomass, extracellular and intracellular xylanase activities, secretion, and intracellular yields of mature XynB were all recorded during the 96 h. As shown in Fig. 4A , the cell growth profiles were similar for YLU and YLP. After 42 h, the biomass (expressed as dry weight, mg/ml) in YLU was a little higher than that in YLP. To compare the XynB secretion efficiency of the recombinant K. lactis cultivated in YLU and YLP, a time course analysis of the extracellular and intracellular xylanase activities, secretion, and intracellular levels of mature XynB was performed. Because of the biomass difference in YLU and YLP, the xylanase activities and XynB levels were expressed on a dry weight basis as U/mg DW and mg/g DW, respectively (Fig. 4B-4E ). Whereas XynB was continuously secreted in both media, its extracellular activity and secretion level in YLU were much higher than those in YLP (Fig. 4B and 4C) . In both media, the intracellular mature XynB reached a maximal yield during the initial stage of culture, and then decreased rapidly. After 30 h, the level of intracellular mature XynB decreased slowly in YLU, but increased slightly in YLP. At the end of the culture, the yield of intracellular mature XynB in YLP was slightly higher than that in YLU ( Fig.  4D and 4E ). When combining these factors, for much of the time-course, particularly after 30 h, the percentage of secreted XynB compared with the total mature XynB was higher in YLU (33-48%) than in YLP (18-35%), meaning that the secretion efficiency of XynB was improved by YLU. The highest production of XynB at 96 h, expressed as the volumetric yield, was 101.5 mg/l fermentation supernatant in YLU and 55.7 mg/l in YLP.
Differences in mRNA Levels of K. lactis Secretion-and Stress-Related Genes Expressed in YLU and YLP Cultures In P. pastoris, the expression levels of 13 secretion-and stress-related genes have been found to change according to the heterologous protein secretion [6] . Thus, a semiquantitative RT-PCR was performed to compare the mRNA levels of these genes in K. lactis when using YLU and YLP as the culture media. As seen from Table 6 , the mRNA levels of the unfolded protein response related genes hac1, ero1, and kar2 were 2.4-, 1.7-, and 1.5-fold higher, respectively, in the YLU culture than in the YLP culture. The mRNA levels of kin2, sso2, pdi1, and sse1 were also 1.4-to 1.2-fold higher in the YLU culture than in the YLP culture. The mRNA levels of the other detected genes showed no significant up-regulation in the YLU culture. The three genes above the threshold (±1.5-fold regulation) are shown in Fig. 5 . Concentrations on the x axis are given in coded forms as listed in Table 1 . 
DISCUSSION
The endoxylanase XynB from T. maritima MSB8 displays a high thermal and pH stability, giving it great potential for industrial application, particularly in the pulp and bleach industries [23] . Nonetheless, there have been no reports of its industrial-scale production, perhaps due to the low yield of this enzyme. Based on secretory expression, the current authors previously expressed this XynB in P. pastoris, but the potential for industrial-scale manufacture was restricted A. Growth curves of recombinant K. lactis cultured in YLP and YLU. Biomass is expressed as dry weight (mg/ml). B. Dynamics of extracellular xylanase activities (dry weight basis) in YLP and YLU. Unit of xylanase activity is expressed as per dry weight activity (U/mg). C. Dynamics of XynB secretion levels (dry weight basis) in YLP and YLU. The XynB level was quantified by comparing the band intensity of the protein of interest on the developed PVDF film with that of a known concentration of purified XynB on the same film using the Quantity One program. Unit of XynB level is expressed as per dry weight yield (mg/g). D. Dynamics of intracellular xylanase activities (dry weight basis) in YLP and YLU. Unit of xylanase activity is expressed as per dry weight activity (U/mg). E. Dynamics of intracellular mature XynB levels (dry weight basis) in YLP and YLU. The cell lysate was incubated at 80 o C for 30 min, centrifuged, and the supernatant containing the mature XynB used to quantify the intracellular mature XynB levels. Unit of XynB level is expressed as per dry weight yield (mg/g). For all panels, triplicate independent samples were used for each data point and associated error bar.
by a low secretory xylanase activity (5.6 U/ml [24] ). H. polymorpha, another well-established yeast expression system, was also employed to express this XynB, but the secreted protein showed a lower xylanase activity than that expressed in P. pastoris (unpublished data). In contrast, in this study, the XynB protein expressed in K. lactis, a yeast host with a strong record in protein secretion, showed a high secretion yield and enzyme activity.
For the overproduction of an enzyme, medium optimization of the host strain is the primary task. In the present study, RSM, an efficient and widely used statistical method, was applied to optimize the XynB production by the recombinant K. lactis. As a result, the extracellular XynB activity increased approximately 3-fold from the initial shake-flask fermentation of the recombinant K. lactis using YLP to the experiment using YLU. In addition, the RSM results revealed that the yeast extract, urea, and nitrogen composition of YLU were the main factors with a positive effect on the XynB secretion.
The time-course analysis of the XynB level on a dry weight basis revealed that the optimized medium improved the secretory efficiency of XynB in K. lactis (Fig. 4) . Notwithstanding, over 50% of the mature XynB remained in the cells with YLU cultivation, indicating that a further yield of at least 100 mg/l of mature XynB can reasonably be expected through secretory pathway optimization of this yeast host. Successful high-level secretion of recombinant proteins can be limited at several distinct steps, including folding, disulfide bridge formation, glycosylation, transport within the cell, and release from the cell. For the thermostable XynB in this study, the mature form of the protein means that it has been properly folded to its compact conformation and its prepro leader sequence has been completely processed by Kex2 protease in trans Golgi. The fact that a significant amount of mature XynB remained in the cells implies that successful secretion of the mature protein was blocked in the later stage of the secretion pathway, such as vacuolar transportation, the secretory vesicle fusion at the plasma membrane or space between the plasma membrane and the cell wall.
Recent studies have indicated that many protein products exert severe stress on the host cell when overexpressed, thereby limiting the potential yield. Thus, a detailed understanding of the physiological responses to such stress could open the gate to engineering host cells that can better cope with stress factors [11] . In the previous work, overexpression of the secretion-related genes in K. lactis was found to enhance the release of heterologous proteins outside the cell [1, 10, 16, 17] . Furthermore, recent transcriptomic [6] and proteomic studies [18] have provided insights on the cellular response of yeast to the overexpression of heterologous proteins. Gasser et al. [6] identified 13 genes, involved in different stages of the secretory pathway, that were up-regulated in a heterologous protein expression strain versus a non-expression strain of P. pastoris. However, information on the cellular response of yeast expressing heterologous proteins to the nutritional conditions remains limited. In the present study, A. Schematic representation of differences in the relative transcription levels of ero1, hac1, and kar2 of K. lactis cultured in YLU and YLP. *, Statistically significant at the 95% confidence level; **, Statistically significant at the 99% confidence level. B. Results of semiquantitive RT-PCR, showing differences in the mRNA levels of ero1, hac1, and kar2 of K. lactis cultured in YLU (U) and YLP (P).
the conspicuous difference between YLP and YLU was the nitrogen composition, which was proved by RSM as the main factor affecting XynB production. When comparing the mRNA levels of K. lactis homologs of the above-mentioned genes in YLP and YLU cultures of the K. lactis strain expressing heterologous XynB, three previously characterized UPR-related genes, hac1, ero1, and kar2, showed higher transcriptional levels in the YLU culture than in the YLP culture. The hac1 gene encodes transcription factor Hac1, which induces the genes of the chaperones and enzymes involved in the secretion process, whereas ero1 and kar2 encode the chaperones that mediate the protein folding in the endoplasmic reticulum (ER) [4, 13] . Although the secretory efficiency of mature XynB in the YLU culture was higher than that in the YLP culture, the mRNA levels of the detected genes involved in the later stage of the secretory pathway were hardly different in the K. lactis cultivated in the two media. As the complex mechanism of heterologous protein secretion by yeast remains unclear, other helper genes may also be involved in the later stage of the secretory pathway.
Nonetheless, the present results demonstrated that the optimized medium still influenced the expression of the heterologous protein and up-regulated the genes involved in UPR, which affect almost every stage of the secretory pathway [15] . Thus, studies utilizing optimized media will advance the current understanding of the mechanism of heterologous protein secretion by K. lactis and facilitate new strategies to enhance the production capabilities of these cells.
